The rating and modeling of photovoltaic (PV) module performance has been of concern to manufacturers and system designers for over 20 years. Both the National Renewable Energy Laboratory (NREL) and Sandia National Laboratories (SNL) have developed methodologies to predict module and array performance under actual operating conditions. This paper compares the two methods of determining the performance of PV modules. The methods translate module performance to actual or reference conditions using slightly different approaches. The accuracy of both methods is compared for both hourly, daily, and annual energy production over a year of data recorded at NREL in Golden, CO. The comparison of the two methods will be presented for five different PV module technologies.
INTRODUCTION
In the early 199Os, researchers at both the National Renewable Energy Laboratory (NREL) and Sandia National Laboratories (SNL) started developing methodologies to predict module and array performance under actual operating conditions. In 1994, NREL conducted research to determine how well module energy rating techniques of that time predicted power output. From this research, NREL initiated an effort to develop a consensus-based approach to rating photovoltaic modules, based on results of previous energy ratings research.
This new approach was intended to complement the de facto standard for module power rating at Standard Reporting Conditions [l] . Using technical input from a number of sources and under the guidance of an industry-based Technical Review Committee, an approach was developed to predict module performance and to determine a module energy rating [2] .
A module energy rating (MER) was developed that consists of I O estimates of the energy produced by a module in one day: one estimate for each of five different weather/location combinations. The five weather and location combinations are representative of the range of environmental conditions anticipated for typical uses of PV modules in the contiguous United States. The final locations were chosen based on criteria developed by the Technical Review Committee for describing the following day types: Hot Sunny, Hot Cloudy, Cold Sunny, Cold Cloudy, and Nice (Cool Sunny). To correctly rate a PV module at the five weather conditions, an accurate way to model PV module performance under all operating conditions was needed. NREL has developed and validated one such method [3] . The NREL method characterizes the module performance under laboratory conditions and uses several established analytical models to translate this performance matrix to outdoor conditions using irradiance, air temperature, and spectral response of the module.
In 1991, Sandia initiated an effort to develop improved outdoor performance measurement methods and a performance model for modules and arrays, with the goal of improving the performance models used for PV system design. The resulting methods were first applied in the field at the array level in 1995 [4] . The Sandia methods have continued to evolve based on extensive outdoor module testing, now providing a method for predicting module output under any operating condition [5] . The Sandia method compensates for the influences of irradiance, temperature, air mass, and angle-of-incidence on module performance. Parameters required for module performance modeling are determined directly using specific outdoor test procedures, with the module mounted on a two-axis solar tracker during a period of one or more days. Sandia's performance model was designed to be applicable to all module technologies, including thin-film and concentrators. This paper compares the two methods of determining the performance of PV modules. The methods translate module performance characterized in a laboratory to actual or reference conditions using slightly different approaches. The accuracy of both methods is compared for both hourly and daily energy production over a year of data recorded at NREL in Golden, CO. The comparison of the two methods will be presented for five different PV module technologies: multicrystalline silicon (mc-Si), dualjunction amorphous silicon (a-Sila-Si:Ge), triple-junction amorphous silicon (a-Sila-Sila-Si:Ge), cadmium telluride (CdTe), and copper indium diselenide (CIGSS).
NREL METHOD
The method developed at NREL is fully described in the reference [3] . This In order to determine the I-V curve for desired conditions, a "reference" I-V curve is selected for translation from the family of I-V curves measured to determine the correction factors and functions. The 1-v curve selected for the reference is the curve measured under the conditions of irradiance and temperature closest to those desired. This selection process minimizes errors range of six irradiances (150-1000 W/m2) and six operating temperatures (5"-60°C). Three correction factors and functions are determined: a, the Isc correction factor for temperature; P(E), the VOC correction for temperature as a function of irradiance, E; and S o , the VOC correction for irradiance as a function of the PV module temperature, T. Hourly average solar radiation and meteorological data are used to model values of incident irradiance and PV module temperature for a desired hour. The effective irradiance, E, is determined by:
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For series-connected multijunction modules, the spectral response of the junction that gives the smallest numerator (current at actual conditions) is used to evaluate the numerator, and the spectral response of the junction that gives the smallest denominator (current at reference conditions) is used to evaluate the denominator.
Spectral responses for two junctions are required to evaluate equation 1 if one junction is the current-limiting factor at reference conditions and the other junction is the current-limiting factor at actual conditions. The model SEDESP [8] is used to calculate the incident spectral irradiance.
A model developed by Fuentes [9] for use in the simulation program PVFORM is used to determine module temperature from the air temperature, wind speed, solar irradiance, and the module's NOCT (nominal operating cell temperature).
Using the effective irradiance and the PV module temperature, Isc and VOC are calculated and a reference I-V curve from a family of measured curves is translated to determine maximum power. These procedures are based on modifications to ASTM E1036-96 and use equations 2 and 3 for Isc and VOC. In caused by the I-V curve translation not accounting for changes in fill factor as temperature and irradiance change. Each (I,V) data pair of the reference I-V curve is then translated to the desired conditions using equations 4 and 5. The subscript R refers to the reference I-V curve, and Isc and Voc are determined with equations 2 and 3.
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Because the translation procedure does not alter the fill factor, the reference I-V curve data pair for maximum power becomes the translated I-V curve data pair for maximum power. To determine the current at a specified voltage, the current may be interpolated using the two adjacent I-V curve data pairs from the translated I-V curve with voltages above and below the specified voltage.
SANDIA METHOD
The Sandia performance model and related outdoor test procedures are described in reference [5] . Only minor modifications to the performance model have been made since this publication appeared in 1998. The original goals in developing the Sandia method were the following: (I) test procedures and performance model would be applicable to all PV technologies at both the module and array level, (2) all required performance parameters could be determined experimentally using outdoor test procedures, and (3) the accuracy of the performance model would clearly meet the needs of PV system designers. The first two goals have been achieved, and work such as documented in this paper will help determine if the third goal has been achieved.
Basically, three separate outdoor test procedures are performed by Sandia to obtain the required module parameters used in the performance model. Tests are performed with the module mounted on a two-axis solar tracker. Typically, I-V measurements are recorded over a day-long period of time with at least half of the day (morning or afternoon) exhibiting clear-sky conditions. The measurements during clear-sky conditions provide performance parameters at the ASTM Standard Reporting Conditions, as well as an empirical relationship quantifying the influence of solar spectral variation on short-circuit current. The measurements recorded during overcast or cloudy conditions provide parameters that describe module voltage at low irradiance levels. A shade/unshade procedure is used to measure separate temperature coefficients for short-circuit current (Isc), maximum 
VALIDATION DATA
The data used for this validation study were taken for the entire calendar year of 1998. The PV modules were part of a group located on the lower roof of NREL's Outdoor Test Facility (OTF). The group of modules was associated with an effort at NREL called the Performance and Energy Ratings Testbed (PERT). The PV modules faced south *2' with a tilt from horizontal of 40" *I". The tilt angle corresponds approximately to the latitude for the OTF site, whose coordinates are more precisely 39.74" North latitude and 105.18" West longitude. The data acquisition systems associated with the PERT recorded hourly or half-hourly values of module maximum power, as well as values for module back-surface temperatures, wind speed, and plane-of-array (POA) irradiance. In addition, solar radiation and meteorological data were also recorded at two other sites: the RMlS weather station and the Solar Radiation Research Laboratory (SRRL). The RMlS weather station is adjacent to the OTF building, and the SRRL weather station is on top of the mesa north of the OTF. Modules associated with the PERT were not manually cleaned, so natural soiling and cleaning (rain or snow) introduced uncontrolled variations in the measured data set.
Due to inherent differences in the NREL and Sandia performance models, there were also a few differences in the way that measured data were used in the models. The NREL method uses modeled values for POA irradiance, and the measured inputs for this model came from either the RMlS or SRRL. Similarly, the NREL method uses a model to determine module operating temperature based on irradiance, wind speed, and ambient temperature. For the NREL analysis, RMlS data were used unless faulty, in which case SRRL data were used.
For the data analysis, the solar radiation, meteorological, and PV module data were checked for out-of-range and missing values to eliminate hours with clearly erroneous data.
The Sandia method used measured values for the POA irradiance indicated by the PERT instruments located adjacent to the modules, as well as directly measured module temperatures. In addition, the modules used in the analysis have not been characterized outdoors using Sandia's test procedures. Rather, the family of I-V curves measured in the lab at NREL was analyzed to obtain parameters required in the Sandia performance model. The effect of using procedures designed for analyzing outdoor performance measurements to analyze data obtained using a solar simulator could not be quantified. The empirical relationships Sandia used to account for solar spectral influence and for solar AOI were obtained from measurements made at Sandia on modules similar to those at the PERT. Modeled and measured energy was compared on an hourly, daily, and annual basis. Using hourly input data from the PERT, RMIS, and/or SRRL data sets, the NREL and Sandia methods calculated hourly PV module energy and summed the hourly values to determine daily PV module energy. Suitability of the NREL and Sandia methods were evaluated by calculating the differences between modeled and measured energy. Figures 1 and 2 show representative samples of the difference between modeled and measured data for two module types versus date and incident irradiance. Tables 1 and 2 summarize the differences in daily, hourly, and annual energy production between measured and modeled data using the NREL and Sandia methods. To further evaluate the performance models over a wide range of climatic conditions, modeled and measured values were compared for individual days selected to represent the five MER days. The days selected, and the MER day they represent, were 1/23/98 (cold-sunny), 11/25/98 (cold-cloudy), 4/24/98 (nice), 8/25/98 (hotcloudy), and 9/4/98 (hot-sunny). Figures 3 and 4 illustrate comparisons for two modules on two different days. The daily difference for the Hot-Sunny day, Figure 3 , for the multicrystalline module for both models was less than 1%. In this case, the measured daily energy produced by the mc-Si module was 328 Wh. The results for the triplejunction a-Si module, Figure 4 , were not as good, about 12% and 9% difference for the NREL and SNL models respectively. However, this difference has relatively little influence on an annual energy basis because cloudy days contribute less to energy production. The measured daily energy for this Hot-Cloudy day was 102 Wh. Table 3 summarizes the percent differences between modeled and measured daily energy for both performance models and for all five days selected. The NREL and Sandia models now provide defensible methods for calculating energy production from PV modules using either measured environmental parameters or tabulated typical meteorological year (TMY) data. The uncertainty in these calculated values is on the order of +IO%. Figure 5 illustrates calculated average daily energy values using both models compared to measured values. The bimodal shape evident in the figure directly correlates with the solar resource behavior for a module deployed in a fixed position at latitude tilt that occurs at the equinoxes.
CONCLUSIONS
Overall, the NREL and Sandia models show the ability to closely match the measured data values for hourly, daily and annual conditions and variability produced by environmental factors. More analysis will be required to better understand all of the results and implications evident in our collaborative investigation. Finding the most practical and beneficial ways to implement the test procedures and performance models investigated will also be an ongoing effort. The complete results of this study will be compiled by NREL and Sandia and published in a more comprehensive technical report. 
